Within the picture of quark confinement as due to a color event horizon, and of hadronization as an instance of the Unruh radiation for the strong force, we show here that QCD entropy, evaluated by lattice simulations in the region T c < T < 1.3T c , is in reasonable agreement with a melting color event horizon.
INTRODUCTION
The interpretation of quark confinement as the effect of a classical event horizon for color degrees of freedom [1, 2] , naturally lead to view hadronization as the quantum tunnelling through such horizon [3, 4] . From this point of view, hadron formation is the result of the Unruh radiation [5] associated to the strong force. More precisely, hadronization is the result of a Unruh phenomenon related with the string breaking/formation mechanism, that is, with the large distances QCD behavior. The hadronic-Unruh temperature is given by [4] T h = a 2π ≃ σ 2π (1) where σ is the string tension, and the acceleration, a ≃ 2k T ≃ √ 2πσ, is the one necessary to bring on shell a quark of transverse momentum k T . In other words, the time given by the characteristic fluctuations determined by the virtuality of the pair is ∆τ = 1/∆E ≃ 1/(2k T ). Moreover, at zero chemical potential, µ = 0, one has T h = T c , the critical temperature of the deconfinement transition, because it is directly related with the string breaking/formation mechanism. This provides a theoretical basis for understanding the production of newly formed hadrons in high energy collisions, and, as shown in [6] , it allows to predict (µ = 0): a) the hadronic freeze-out conditions [7] [8] [9] , i.e. s/T 3 h = 3π 2 /4 ≃ 7.4 in terms of the entropy density s, and b) the value E / N = √ 2πσ ≃ 1.09 for the average energy per hadron. These predictions are based on the string breaking/formation mechanism, and on the adaptation of the BekensteinHawking (BH) entropy formula [10] to the color event horizon [6] . The BH formula was born in the context of black hole physics, however, there is by now a vast literature where its implications are studied in more general contexts, see, e.g., [11] . Some connections between the hadronization as a Unruh phenomenon and the corresponding near horizon black hole scenarios, have been studied in [12] .
Although the Unruh hadronization mechanism holds at the string breaking, that is, at the corresponding T c , since the deconfinement transition is a cross-over, one can expect some remnant of confinement slightly above T c . Indeed the persistence of string-like objects above T c has ben obtained by many different methods: lattice simulations [13, 14] , quasiparticle approach [15, 16] , NJL correlator [17, 18] , Mott transitions [19] and confinement mechanisms [20] . It is then natural to ask whether small changes in the description of color confinement, slightly above T c , can give information on thermodynamical quantities, as, e.g., the QCD entropy.
In this paper we show that the QCD entropy, evaluated by lattice simulations [21] , in the region T c < T < 1.3T c , is in reasonable agreement with the picture of a melting color event horizon. Next we recall more details of the Unruh hadronization mechanism, including the understanding, in terms of string-breaking, of the other freeze-out condition: n ≃ 0.12 fm −3 , where n is the number density. We then discuss temperature effects related to the stringlike system near the phase transition, give our results for the entropy and the internal energy as compared with lattice QCD simulations, and draw some conclusions.
THE UNRUH HADRONIZATION
Although universal, the mechanism is most simply illustrated by hadron production through e + e − annihilation into apair, as shown in Fig.1 . The attempt to separate the initialpair ends at a distance R, when both the quark and the antiquark hit the confinement horizon, that is, when they reach the end of the binding string. The separation can now continue only if a further quark-antiquark system, say q 1q1 , is excited from the vacuum. Although the new pair q 1q1 is at rest in the overall center of mass, each of its constituents has a transverse momentum k T , determined by the uncertainty relations in terms of the transverse dimension of the string flux tube. String theory gives for the basic thickness [22] r T = 2/πσ,
leading to
The maximum separation distance R can thus be obtained from σR = 2k T , hence, from (2) and (3) one has
The entropy associated to a color event horizon is necessarily an entropy of entanglement, between quantum field modes on both sides of the horizon. Its general form is [23, 24] 
where A h is the area of the event horizon, r the scale of the characteristic quantum fluctuations, and α an undetermined numerical constant. This expression shares its holographic behavior 1 with the BH entropy formula of a black hole [10]
where A denotes the surface area of the hole, that, e.g., in the Schwarzschild case is given by A = 4πR 2 S , with R S = 2GM/c 2 . The quantity r P = hG/c 3 is the Planck length the smallest possible fluctuation scale. As shown in [27] , a formula similar to the Bekenstein-Hawking formula (6) holds in the case of the Rindler spacetime of an accelerated observer. On the other hand, it is well known that the Rindler spacetime can be associated to the near-horizon approximation of a black hole spacetime [28] In ref. [6] , the above has been applied to the Unruh hadronization mechanism, allowing to predict within the model the freeze-out conditions. Indeed, in this case the characteristic scale of the quantum fluctuations is given by Eq. (2), and we obtain
for the entropy associated to hadron production. The parameter R is given by Eq. (4), and the smallest fluctuation scale is the transverse 1 Holography of entanglement entropy is a quite general result, see [25, 26] .
string thickness (2). Using Eq. (4) into Eq. (7) gives
while the entropy density divided by T 3 , evaluated at T = T c , gives
as freeze-out condition in terms of s(T ) and T . This result is in agreement with the value obtained for s/T 3 from species abundance analyses in terms of the ideal resonance gas model [29, 30] . Furthermore, one can shows that the other freeze-out condition, based on the number density n, that is n ≃ 0.12 fm −3 [31] is directly related with the string-breaking too. Indeed, for a single string-breaking the number density is given by
where R is the string breaking distance, which turns out to be R = 1/T h , for massless quarks. For T h ≃ 160 MeV, one obtains n sb ≃ 0.129 fm −3 .
From the above, it should be clear that the previous formulae hold strictly at the string breaking, that is, at the hadronization temperature T c . Therefore, to compare results obtained in this approach with lattice data at T = T c requires a more general analysis that we now present.
COLOR HORIZON ENTROPY SLIGHTLY ABOVE T c
A natural starting point is to generalize Eq. (7) and write
where σ(T ) is the string tension for T ≥ T c , which for a sharp deconfinement transition should be exactly zero, and R(T ) has to be interpreted as the effective range of the color field above T c . For the observed crossover between the quarkgluon phase and the hadron phase one should expect that σ(T ) and R(T ) go quickly to zero. Some information about the behaviour of σ above T c can be obtained as follows. The string tension σ can be interpreted as the vacuum energy density in a flux tube of transverse area
On the other hand, from Eq. (2) we have r 2 T ≃ 1/σ, hence the string tension scales with the square root of the vacuum energy σ ≃ ǫ 1/2 v . The behaviour of the vacuum energy density of the chromoelectric field above T c has been evaluated in lattice QCD in ref. [32, 33] , where the ratio of the vacuum energy density at high temperature T > T c , to its value for T < T c is given. From the previous discussion, the behavior of the string tension above T c is given by
and it is depicted in Fig.2 , by using the results in Ref. [33] and a fit (red curve), where σ 0 is the string tension at T c (below T c the chromoelectric field is essentially constant). Using Eq. (13) in Eq. (11) , the entropy at large distances can be evaluated by the equation
where R 0 = R(T c ). To compare with lattice data one needs the ratio R(T )/R 0 which we parametrize as
where a + b = 1 and a ≃ 0.3 has been fixed by the T -independent gluon field correlation length [32, 33] From the above it turns out
and the comparison with the lattice data requires again the factor 2/3. The results are in Fig.4 .
CONCLUSIONS
The consistency between our results and lattice data on the QCD entropy above the critical temperature suggests the picture of a progressive melting of the color confinement horizon. This dynamical decription is completely in agreement with the persistence of string-like structures that survive slightly above T c .
